This work provides a review about the biotechnological production of citric acid starting from the physicochemical properties and industrial applications, mainly in the food and pharmaceutical sectors.
INTRODUCTION
Citric acid (2-hydroxy-propane-1,2,3-tricarboxylic acid) derives its name from the Latin word citrus, a tree whose fruit is like the lemon. Citric acid is a tricarboxylic acid ( Figure 1) with a molecular weight of 210.14 g/mol, which contains three carboxylic functional groups with three different values of pK a (3.1, 4.7, and 6.4). It is a primary metabolic product formed in the tricarboxylic acid (or Krebs) cycle and is found in small quantities in virtually all plants and animals, being isolated from lemon juice in 1784.
Citric acid was first commercially-produced in England around 1826 from imported Italian lemons (lemons contain 7-9% citric acid). Lemon juice remained the commercial source of citric acid until 1919, when the first industrial process using Aspergillus niger started in Belgium. Currently, the extraction of citric acid is limited to some small factories in Mexico and Africa. guilliermondii and C. intermediate (73) . Today, this production is not economical. As a disadvantage, the fermentation by yeasts led to the formation of large quantities of isocitric acid as an unwanted byproduct, so mutant strains with low aconitase activity should be used.
Although many microorganisms can be employed to produce citric acid, A. niger is still the main industrial producer. In fact, specific strains that are able to overproduce citric acid in different types of fermentation processes have been developed. The theoretical yield is 112 g of anhydrous citric acid per 100 g of sucrose. However, in practice, due to losses during trophophase, the yield of citric acid from these strains often does not exceed 70% of the theoretical yield on carbon source. Despite a long and successful history of producing citric acid, there is not unanimous explanation of the biochemical basis of the process.
FACTORS AFFECTING CITRIC ACID FERMENTATION
The conditions for citric acid fermentation were established during the '30s and '40s when the effects of various components of the fermentation media were evaluated.
The accumulation of citric acid is strongly influenced by the composition of the medium, especially in submerged fermentation processes. However, with the exception of early studies by Currie (15) , there were no other systematic studies on the composition of the medium until the 40s (92, 93) . These authors developed a medium that was the basis for further research on the production of citric acid. It was shown that the factors mainly affecting the citric fermentation are the type and concentration of carbon source, nitrogen and phosphate limitation, pH, aeration, oligoelements concentration, and morphology of the producing microorganism. Certain nutrients have to be in excess (such as sugars, protons or oxygen), other at limiting levels (such as nitrogen and phosphate) and others below well-established threshold values (such as trace metals, particularly manganese).
Carbon source
The carbon source for citric fermentation has been the subject of many studies, especially regarding the use of polysaccharides. In general, only the sugars that are quickly assimilated by the microorganism allow high final yield of citric acid (62) .
Polysaccharides are a useful raw material for fermentation only if the microorganism possesses hydrolytic enzymes highly effective at the low pH values required for fermentation. In general, sucrose is preferable to glucose (24, 30, 42, 110) , as A.
niger has an extracellular mycelium-bound invertase that is Production of citric acid active at low pH.
The most widely used carbon sources in industrial fermentations are glucose syrups from starch hydrolysis, sugar beet molasses and low quality-sugarcane byproducts that, in general, are contaminated by high levels of cations from previous processes. Cations usually come from insoluble residues formed by precipitation with potassium ferrocyanide.
Due to the complexity of these pretreatments, a lot of research has been conducted using refined sugars, mainly glucose or sucrose.
The concentration of carbon source is also crucial for citric fermentation. The final yield of citric acid increases with initial sugar concentration in batch processes or glucose feeding rate in chemostat, while the specific growth rate has an opposite behaviour (29, 76, 79, 80, 92, 93, 110) . The highest productivities are usually achieved using 14-22% sugar, because such high concentrations of the carbon source lead to suppression of -ketoglutarate dehydrogenase (30) . On the other hand, at low glucose levels the size of the mycelium is reduced, and its shape is also affected (76, 79, 80) .
Nitrogen and phosphate limitations
Some complex media (such as molasses) are rich in nitrogen and rarely need to be supplemented with a nitrogen source. The highly-pure media used in laboratory scaleresearch are usually supplemented with ammonium salts, particularly ammonium nitrate and sulfate, which in turn leads to a decrease in pH that favors fermentation (62) . Other sources of nitrogen such as urea and yeast/malt extract have also been employed successfully (110).
Conflicting reports have also been cited regarding the effects of nitrogen and phosphate limitation. According to Shu and Johnson (92, 93) , phosphate needs not be limiting for citric acid production; however, when metal levels are not limiting, additional phosphate leads to secondary reactions and promotes biomass growth (76, 79, 80) . However, Kubicek and Rohr (40) demonstrated that citric acid accumulated when phosphate was limiting, even when nitrogen was not. Instead, Kristiansen and Sinclair (37) , using a continuous culture, came to the conclusion that the limitation by nitrogen is essential for the production of citric acid.
pH of culture medium
The pH of the medium is important in two stages of the process. All fermentations start from spores and their germination requires pH > 5. The absorption of ammonia by germinating spores causes release of protons, thus lowering the pH and improving the production of citric acid. The low pH value during the production phase (pH 2) reduces the risk of contamination by other microorganisms and inhibits the production of unwanted organic acids (gluconic and oxalic acids), which makes the product recovery easier.
Aeration
Industrial producers of citric acid have long known that variations in the rate of aeration can have a detrimental effect on performance. If the aeration rate is too high, the partial pressure of dissolved CO 2 in the broth may be too low. Carbon dioxide is important as a substrate for pyruvate carboxylase that replenishes the supply of oxaloacetate for citrate synthase. Sufficient CO 2 is produced by the reaction catalyzed by pyruvate decarboxylase, but excessive aeration leads to some losses. On the contrary, high levels of CO 2 in the gas are detrimental for the final concentrations of citrate and biomass (65) . The effect of dissolved O 2 has been studied in some detail. Even short periods of reduced O 2 tension cause irreversible changes in the citric acid productivity (44) .
Trace elements
A. niger requires certain trace metals for growth (62) .
However, a limitation by other trace elements is necessary for citric acid production (92, 93) Manganese has also been proven important in many cell functions, particularly in the cell wall synthesis, sporulation and production of secondary metabolites (93) . Therefore, great care must be taken when choosing the ingredients of the medium, including the bioreactor construction materials, to ensure that traces of manganese do not reduce the yield of fermentation.
Morphology of the fungus
The relationship between morphology of the fungus and productivity in submerged fermentations has been established long time ago. Despite disagreement on whether pellets or filamentous forms are more convenient for citric acid production, in all cases, the mycelium of acidogenic A. niger contains branches of short hyphae with swollen tips (94) .
In submerged cultures, the morphology of fungi varies between pellets and free filaments, depending on growth 
BIOCHEMISTRY OF CITRIC ACID PRODUCTION
To review the biochemistry of citric acid formation is an immense task. Shortly, it can be said that the overproduction of citric acid requires a unique combination of unusual nutritional conditions (excess of carbon source, hydrogen ions and dissolved oxygen, and suboptimal concentrations of certain Production of citric acid trace metals and phosphate), which synergistically influence the fermentation performance (36).
According to Habison et al. (26) and Rohr and Kubicek 
ACCUMULATION OF CITRIC ACID
It has been proposed that the accumulation of citric acid requires deactivation of the Krebs cycle enzymes responsible for its degradation, aconitase and/or isocitrate dehydrogenase. Production of citric acid
But there are evidences that during the production of citric acid, the Krebs cycle is active in the production of intermediates required for biomass formation (3, 32) .
Therefore, as stressed by Kubicek (39) , citric acid accumulation may more likely be the result of enhanced (deregulated) biosynthesis rather than inhibited degradation.
An alternative hypothesis to explain the accumulation of citric acid is associated to tricarboxylate transporter activity (38) , which competes with aconitase for citric acid. Under conditions in which its affinity for citric acid is greater than that of aconitase, this enzyme ejects citric acid out of the mitochondria without inhibition of enzymes of the cycle. pH is another crucial parameter, which is set at around 5 at the beginning of the trophophase, drops to 3 within the first 48
h of trophophase as a result of the nitrogen metabolism, and is then kept at this value during the idiophase to inhibit the formation of oxalic and gluconic acids.
Surface cultures
Citric acid can be produced in surface or submerged 
Submerged cultures
The industrial production of citric acid in submerged culture was already reviewed in detail (14, 39, 59, 60) .
Depending on the type of agitation, submerged processes (74) can be divided in mechanically mixed or agitated by air 
Process with yeasts from hydrocarbons
In addition to A. niger, several yeasts, among which grams of acid per gram of paraffin) (14) , but there are difficulties associated with low water solubility of alkanes and the presence of up to 50% of isocitric acid among the products, which has to be separated during recovery (59) . Therefore, mutants with very low aconitase activity were selected using monofluoroacetate resistance as a selection criterion (39) .
BIOPRODUCTION OF CITRIC ACID FROM INDUSTRIAL BY-PRODUCTS
Its low cost, high carbohydrate content and high susceptibility to fermentation make the processing of citrus byproducts an attractive, environmentally-friendly, alternative way for the biotechnological production of chemicals (23) .
The recombinant strain Escherichia coli KO11 was shown to ferment arabinose and galacturonic acid obtained from enzymatic hydrolysates of orange peel to acetic acid, ethanol, carbon dioxide and small amounts of lactic acid (10, 72) . Due Production of citric acid to the presence of inhibitors such as limonene, the fermentation of these hydrolysates by the yeast Saccharomyces cerevisiae did not give interesting results (53, 54, 70, 98, 105) g/kg when the liquor was previously subjected to a thermal pretreatment.
The yields obtained with this substrate are comparable or even higher than those obtained using other raw materials such as oil, starch and molasses (95) . These authors reported a citric acid concentration of 27 g/l with a yield of 45% when using wood hemicelluloses hydrolysates, while Adham (1) reached a maximum concentration of 8.6 g/l (9.8% conversion) using beet molasses.
Zhang (111) Kumagai et al. (47) , who studied the factors influencing the semisolid citric acid production by A. niger from dry and concentrated liquid tangerine wastes, found that the fermentation of the former residue required the addition of molasses juice to face the negative effect of large amounts of impurities. Thus, the maximum concentration of citric acid was achieved in a medium consisting of 6 g of tangerine skin and 11 ml molasses juice (14% sugar content) that ensured fermentation yields in the range 55-65% at 30 º C after 3 days.
Hang et al. (27) , using the skin of kiwi and A. niger NRRL 567, produced about 100 grams of citric acid/kg in the presence of 2% methanol at 30 ° C after 4 day-solid-state fermentation, with a yield higher than 60% based on consumed sugars. The optimal conditions were 65% initial moisture, 3% methanol, 30 °C, unadjusted initial pH of 3. Similar findings were reported by other authors (4, 71, 109) .
CITRIC ACID RECOVERY
The first step of citric acid recovery involves the precipitation of oxalic acid, possibly in the form of calcium oxalate at low pH, and subsequent separation from the medium containing the mycelium through rotating filters or centrifuges.
Citric acid is then precipitated at pH 7.2 and 70-90 °C and recovered by filtration and drying. If a purer product were desired, it is dissolved with sulfuric acid, treated with charcoal or ion exchange resins, and again crystallized as anhydrous citric acid (above 40 °C) or as a monohydrate (below 36.5 °C) (60) . In surface processes, the mycelium is sometimes squeezed to increase the recovery yield. In the process carried out with Y. lipolytica, the recovery of citric acid after filtration of the exhausted medium includes the precipitation of oxalic acid at low pH in form of calcium salt followed by citric acid precipitation at pH 7.2 and 70-90
°C.
